The Paris Climate Accord calls for urgent CO 2 reductions. Here we investigate low and zero carbon pathways based on clean electricity and sector coupling. Effects from different spatialities are considered through city and national cases (Helsinki and Finland). The methodology employs techno-economic energy system optimization, including resilience aspects. In the Finnish case, wind, nuclear, and biomass coupled to power-to-heat and other flexibility measures could provide a cost-effective carbon-neutral pathway (annual costs −18%), but nuclear and wind are, to some extent, exclusionary. A (near) carbon-neutral energy system seems possible even without nuclear (−94% CO 2 ). Zero-carbon energy production benefits from a stronger link to the broader electricity market albeit flexibility measures. On the city level, wind would not easily replace local combined heat and power (CHP), but may increase electricity export. In the Helsinki case, a business-as-usual approach could halve emissions and annual costs, while in a comprehensive zero-emission approach, the operating costs (OPEX) could decrease by 87%. Generally, electrification of heat production could be effective to reduce CO 2 . Low or zero carbon solutions have a positive impact on resilience, but in the heating sector this is more problematic, e.g., power outage and adequacy of supply during peak demand will require more attention when planning future carbon-free energy systems.
Introduction
The recent report from the UN International Panel of Climate Change (IPCC) enforces the urgency to meet the emission targets set in the Paris Climate Accord from December 2015 [1] . Basically, the whole energy production needs to be brought to carbon neutrality by 2050, i.e., sources and sinks of CO 2 emissions need to be in balance by then. Considering that 80% of global energy is still based on fossil fuels, the transition required to carbon neutrality will be a huge technological and societal challenge in the coming decades. The transition ahead touches all sectors of society and energy.
IPCC and the International Energy Agency (IEA) [2] show in their future climate-energy scenarios that new and renewable energy technologies along with energy efficiency will play a major role in the up-coming sustainable energy transition. Around three-fourths of required emission reductions could originate from this 'clean new energy' pool. At the same time, recent market trends indicate that the variable renewable technologies, such as solar photovoltaics and wind power are taking increasing shares of new investments in power [2] , driven by the reduction of costs of new technologies which have led in cost-parity in major markets. Their future share is expected to even increase from the present level [2] . Actually, solar and wind are often considered as the key technologies in energy energy security through optimal and sustainable functioning in all system dimensions, freely from any threats [34] . Definitions and metrics are listed in reviews [33] [34] [35] .
As the energy transition includes profound changes in the whole energy system, broadening energy security to resilience issues will be highly important, discussed also in this paper. Resilience is defined through four 'Rs': Robustness, redundancy, resourcefulness, and recovery [36, 37] . For example, the resilience of a decentralized power production system differs considerably from a centralized one against factors, such as geopolitics [38] [39] [40] , climate-change-induced extreme weather events [41] [42] [43] , or digitalization-linked cybersecurity [44, 45] . We include here a systematic resilience analysis of the national and city-level clean energy pathway scenarios.
The paper is organized as follows. We first present the methods and tools used in our analysis, followed by presenting the input data and scenarios used in the analysis, followed by the key results and discussion and conclusions.
Methods
An energy transition involves several co-evolving systems such a techno-economic, socio-technical, and political system, which all need to be 'optimally' in place to enable a change into carbon neutrality [46] . Often, as also in this paper, the focus is on the techno-economical system. Therefore, our approach uses a modeling approach based on techno-economic optimization of the energy system. The mathematical task is to seek for a minimum-cost solution under different constraints and boundary conditions, originating from endogenous and exogenous factors. Two optimization models are included here: A macro-level model intended for national level analysis aimed at demonstrating carbon-neutral pathways for the energy system as a whole, and a micro-level model with more detailed description of the local energy system considering e.g., transient operation of the various power plants and how they interact on a short time interval. Instead of using a single model, the two scales of modeling (the whole national energy system with courser resolution, but all-inclusive in energy sectors, and a detailed closer to 'real-time' simulation of the energy system of a city) allow focusing on the investigating the dynamic and systemic effects of different options and degrees of freedom which may be different in a city and a country, and thus yield different outcomes for the pathways to carbon-neutrality. Finland is used as the case study for the national analysis and Finland's capital Helsinki for the city-level analysis.
National-Level Model
The national-level energy system analyses are conducted with a macro-scale energy system simulation and optimization model, which is described in detail in Reference [47] . The model incorporates all aspects of an energy system, including electricity, heat, and fuel; also, all end-use energy sectors are included. The model employs a one-hour time step for electricity and heat, while fuel demands are considered on an annual scale; the energy system is simulated on an hourly basis over a year to consider the dynamics and interactions of its different segments. The model seeks for a cost-optimal solution of the energy system while securing the supply-demand balance. The cost optimization problem is defined as
Fuel cost f +Net cos t of power import + Emission costs.
(1)
The optimization is subject to several conditions:
1.
Balance of final energy supply and demand; 2.
Available renewable energy resources; 3.
Energy system constraints, e.g., cross-border transmission capacity; The variables in the optimization are the amounts of the primary energy sources, including renewable energy sources, and the amounts of different energy conversion technologies, such as combined heat and power (CHP), separate production, and heat pumps (HP). Also, more advanced final energy conversion paths can be considered: Power-to-X technologies (P2X), such as power-to-heat and power-to-gas, biomass-to-liquid (BTL), gas-to-liquid (GTL) and vehicle-to-grid (V2G). The energy system composition is thus endogenous to the model. The hourly distribution of the conventional production, such as CHP, is based on historical production data (2013) to mimic the hourly distribution, whereas the operation of power-to-X and other advanced conversion is rule-based. The main optimization outputs are the primary energy composition, power and heat production, and the energy balance of the system, while the main inputs are historical consumption and temporal data, cost assumptions, and system constraints, such as the cross-border power exchange capacity.
The model uses 2013 as the reference year for input data; a more detailed description of the input data can be found in Reference [47] . The level of industrial CHP and residential heat production, which accounted for 43% of the heat demand in Finland in 2013, are assumed non-variable.
City-Level Model
The details of the optimization-based model for the city-level analysis are explained in Reference [25] . The model simulates the operation of all energy plants of a city, in this case Helsinki, where more than 90% of the building stock uses district heating (DH). The optimization is based on one-hour-timestep simulations over a year using a mixed-integer linear programming (MILP) approach, written in Matlab code. The objective function of the optimization is given as
−Revenues from sales t,i ), (2) where t stands for time and i is the applied energy production technology. The model thus basically minimizes the running cost of a given energy system (OPEX) and its energy plants, whereas adding the annuity of the investments (CAPEX), as in the national model, would also enable optimization of a whole energy system. The latter option was not, however, relevant here as typically a city has already an existing system to which the new energy and variable renewable electricity (VRE) technologies are integrated. The running cost of thermal storage and power-to-heat conversion (P2H) were assumed negligible. The model considers three main constraint categories: Technical limitations of individual power plants, such as maximum power and heat outputs, ramping, start-up and shutdown times; limitations on system components e.g., power-to-heat conversion, storage capacity, and power transmission; and balance requirement between energy demand and supply.
For the 2050 analyses, the heat and electrical demand profiles were also modified from the reference case (2016) to reflect changes in population and building energy efficiency improvements. The mean building energy efficiency was assumed to improve by 20% from the 2016 level through better thermal insulation, heat recovery, advanced windows, thermostat control, etc. The domestic hot water (DHW) demand was scaled to perceived population changes in 2050 [11] . The heat demand profile was modified using the following approximation:
where
where U is the average U-value for the whole building stock, pop stands for population, T indoor = 17 • C considering the internal gains in the buildings, α is the building energy efficiency improvements from the base year, 2016, and T amb is the hourly ambient temperature. The electrical demand is also altered based on population increment.
Resilience Assessment
The resilience assessment of the energy system focuses here on the technical robustness and versatility of the energy systems and their ability to cope with different disruptions. For this purpose, we developed a resilience matrix described in Tables 5 and 6 . The values for the different resilience factors were obtained from the scenario calculations for the national and city cases, some factors were also assessed quantitatively by expert elucidation.
The resilience factors are grouped into the following categories. Environmental resilience is based on CO 2 emissions and the share of renewable energy in the primary energy. The sustainability of bioenergy is analyzed separately in a qualitative way considering possible effects on biodiversity. Power system resilience considers the robustness and flexibility of the power system infrastructure; the share of decentralized power production and supply adequacy during peak demand are considered as well. Supply adequacy is defined as a ratio between the total production capacity and the peak demand-the effect of VRE is considered via its yearly capacity factor (excluding the production that exceeds the demand) to account for its temporal variability and actual contribution in demand coverage. For power system flexibility methods, hydropower, P2H, and vehicle-to-grid (in national case only) are considered here. The heating sector is analyzed separately, due to its high importance at high latitudes. Factors included in the analysis are the robustness of the (district) heating networks, share of decentralized heat production, total heat production capacity vis-à-vis peak heat demand, and heat storage capacity. The resilience category 'system independence and geopolitics' both in case of electricity and heating was more related to traditional energy security emphasizing energy self-sufficiency to mitigate possible geopolitical threats and to secure local energy supply in crisis situations. In this category, the imports of electricity and fuels and the diversity of primary energy sources are considered. The level of diversity is defined with the Shannon-Wiener diversity index (SWDI) [48, 49] :
where p e is the share of the energy source e in the total primary energy supply.
Description of Scenarios
This section describes the various scenarios used to analyze the national and local pathways to carbon neutrality, as well as their input data. The scenarios aim for the year 2050.
National-Level Scenarios
On the national level, we mainly focus on different levels of nuclear power, wind power, and bioenergy as these may be the major future options for the Finnish case. Forest biomass offers a notable renewable energy source in Finland, as it forms 75% of all renewable primary energy [50] . However, the sustainability of forest biomass is under debate. To assess the pathways to carbon neutrality, a −95% CO 2 emission reduction target (compared to year 1990 with 53.9 MtCO 2 ) is included in the optimization, in addition to the cost minimization.
Scenarios with six different levels of nuclear power in 2050 were analyzed, ranging between 0 and 9450 MW (67% of electricity demand). At present, nuclear stands for 27% of electricity supply in Finland. The nuclear scenarios are based on combinations of existing, planned, and hypothetical nuclear units, presented in Table 1 . The most extreme nuclear scenarios assume life-time extensions of existing Loviisa 1-2 and Olkiluoto 1-2 units, planned originally to be decommissioned by 2030. Apart from the level of nuclear power, the rest of the primary energy mix is subject to the optimization. As the scenarios aim for near carbon neutrality, limitations to renewable energy use have to be considered, e.g., their potential (Table A1 ). The production level of heat pumps is limited to one third of the residential heat demand reflecting the diversity in the heating market, but also possible limitations in heat source availability during the main heating season in the winter. The wind power curtailment is limited to 5% of the total wind power production. The biomass sustainability is considered by including two levels of forest biomass: "BIO norm" includes all biomass potential listed in Table A1 , whereas in "BIO low", the level of non-industrial forest biomass use is limited to residential firewood only. The consumption in 2050 is assumed to follow the "Low 2050" consumption scenario in Reference [47] (based on Reference [20] ), incorporating strong energy efficiency measures. The cross-border power exchange capacity is assumed to be 6760 MW (now 5176 MW). The cost data is presented in Tables A2 and A3 . The carbon price in 2050 is assumed to be 115 €/tCO 2 [54] , and the average Nordpool electricity price 57 €/MWh [20] . Otherwise, the input data is based on the reference year 2013, described in Reference [47] .
City-Level Scenarios
For the city-level analyses, we take the existing energy system of Helsinki in 2016 as a starting point. Two options for 2050 are considered: Firstly, the preliminary plans of Helen (municipal utility in Helsinki) are used as the Business-As-Usual case, denoted BAU-2050 [55] . This option includes the closure of coal CHP and coal boilers, which are replaced with three biomass boilers; also heat-pump use is increased and peak oil boilers are redefined (see Table 2 ). The second option, denoted ZeroCO 2 , aims at total carbon neutrality, i.e., closure of all fossil fuel plants in Helsinki. The main clean energy options considered for ZeroCO 2 are wind power, photovoltaics, and biomass (heat), but also large heat pump schemes which could make use of renewable electricity surplus through the P2H conversion. Large-scale thermal storage facilities based on existing infrastructure are also included. Large cities, such as Helsinki, are in general linked to the national grid which enables import and export of electricity though limited by the transmission capacity; here we use the Nordpool electricity exchange as the market place for Helsinki.
The HP capacity in the reference case (2016) is 90 MW and for the BAU-2050 we use 129 MW [55] . For the ZeroCO 2 case, the HP output is set to 1024 MW corresponding to 50% of the peak heat load and a bio-boiler is employed to cover the rest of the heat demand along with some aid from heat storage as well. As in the national case, biomass is considered carbon neutral, and emissions from power import are excluded, since the focus of the scenarios is on local emissions.
The annual heat and electricity demand is 6.4 TWh and 4.4 TWh in the reference case, respectively. For BAU-2050 and ZeroCO 2 , the heat demand is 6.2 TWh and the electricity demand is 5.2 TWh. According to the model, the net import of electricity (=import-export) of Helsinki was 0.23 TWh of electricity in 2016. It is noteworthy to observe that the municipal energy company in Helsinki, HELEN, has also shares of power production outside Helsinki, which were not considered here. If accounting for those as well, the net import would turn to net electricity export of 2.04 TWh in 2016. Examples of the modified heat and electricity demands are shown in Figure A1 . The details of the energy system modifications are presented in Table 2 . The reference system has an inherent heat storage capacity of 5000 MWh originating from the water volume of the district heating network, while in 2050, 11,600 MWh of active heat storage capacity is added to the 2016 level. In all scenarios different levels of wind power are considered: 0 MW, 750 MW (2 TWh/yr), and 1500 MW (4 TWh/yr) of wind power is considered, but in the ZeroCO 2 scenario also 2500 MW (7 TWh/yr), which exceeds by 34% the annual electricity demand. 
Results and Discussion
In this section, we analyze the options for future energy systems in 2050 on a national (Finland) and city-scale (Helsinki) energy system based on the scenarios described in Section 3. The aim is to minimize system costs, while considering technical constraints, energy supply and demand, and emission targets. In addition, resilience aspects are considered.
National Case (Finland)
In the national case, scenarios with six different levels of nuclear power were analyzed, while the rest of the energy system was subject to the optimization. All scenarios had a CO 2 emission reduction target of −95%, in addition to cost minimization. The resulting primary energy composition (presented in Figure 1 ) illustrates clearly the main components of a possible (nearly) carbon-neutral Finnish energy system: Nuclear power, VRE (especially wind), and biomass. These three components form 88-95% of the primary energy consumption in the "BIO norm" cases, with the share of wind and biomass increasing with decreasing nuclear power. By including hydropower, the share of low-carbon primary energy is 94-99%. The biomass is particularly prominent in the transport sector, as 84-100% of transport fuel demand is covered by biofuels, enabling elimination of oil. Overall, 14% of transport energy demand will be based on electricity. Limiting the forest biomass availability ("BIO low"), however, causes the missing biomass to be replaced by natural gas to be used in heat and synthetic fuel production for transport, decreasing the share of renewables. The share of renewables in the primary energy is 43-93% in the "BIO norm" cases and 32-76% in the "BIO low" cases, whereas the share of renewables in the final consumption is 76-96% and 57-80%, respectively. On the electricity production side (Figure 2 ), there is a clear trade-off between the two dominant forms of power production in the scenarios, namely nuclear and wind power: Wind power increases up to 68% of the electricity production with decreasing nuclear power capacity. In other words, the use of nuclear power seems to limit wind power integration, which is in line with [23] . Together, nuclear and wind power cover 66-80% of all electricity production in the scenarios, the rest being mainly hydropower, solar power, and industrial CHP. However, electricity import is also increasing (up to 18 TWh) with increasing wind power, suggesting that wind power integration to the energy system demands more interaction with the international power markets to balance the supply and demand. This is most likely caused by the highly variable temporal profile of wind power, compared with the constant nuclear profile. On the other hand, the net power export is higher with a higher share of nuclear power (up to 18% of production), as well as the overall power production, suggesting that the constant nuclear production does not always match all domestic consumption. In addition, increasing wind power increases the use of P2H, suggesting that wind power is more likely to be directed to P2H than nuclear power.
Heat production (Figure 3 ) in the scenarios shows a clear trend toward electrification: 58-78% of the heat production would be electricity-based, the higher shares occurring in cases of a higher amount of wind power. Simultaneously, the share of CHP in heat production drops dramatically, from 40% in 2013 to 6-11% in 2050. The −34% decrease in heat demand between 2013 and 2050 is based on the consumption scenario used in the study, assuming major energy efficiency improvements in new and old buildings. The electrification of heating is mainly due to the abundance of low-carbon electricity, compared to the limited supply of low-carbon fuels, i.e., biomass for CHP. The ratio between electric boilers and heat pumps is set by the heat pump limitation (one third of the residential heat demand, see Section 3.1). A sensitivity study reveals that if this limitation was removed, all P2H would go to heat pumps and no electric boilers, leading also to lower electricity demand as the overall P2H efficiency is improved. The limitations to biomass ("BIO norm" versus "BIO low") do not seem to affect either the electricity or the heat production portfolio, the only exception being the addition of solar heat in the "BIO low" scenarios. On the electricity production side (Figure 2 ), there is a clear trade-off between the two dominant forms of power production in the scenarios, namely nuclear and wind power: Wind power increases up to 68% of the electricity production with decreasing nuclear power capacity. In other words, the use of nuclear power seems to limit wind power integration, which is in line with [23] . Together, nuclear and wind power cover 66-80% of all electricity production in the scenarios, the rest being mainly hydropower, solar power, and industrial CHP. However, electricity import is also increasing (up to 18 TWh) with increasing wind power, suggesting that wind power integration to the energy system demands more interaction with the international power markets to balance the supply and demand. This is most likely caused by the highly variable temporal profile of wind power, compared with the constant nuclear profile. On the other hand, the net power export is higher with a higher share of nuclear power (up to 18% of production), as well as the overall power production, suggesting that the constant nuclear production does not always match all domestic consumption. In addition, increasing wind power increases the use of P2H, suggesting that wind power is more likely to be directed to P2H than nuclear power.
Heat production (Figure 3 ) in the scenarios shows a clear trend toward electrification: 58-78% of the heat production would be electricity-based, the higher shares occurring in cases of a higher amount of wind power. Simultaneously, the share of CHP in heat production drops dramatically, from 40% in 2013 to 6-11% in 2050. The −34% decrease in heat demand between 2013 and 2050 is based on the consumption scenario used in the study, assuming major energy efficiency improvements in new and old buildings. The electrification of heating is mainly due to the abundance of low-carbon electricity, compared to the limited supply of low-carbon fuels, i.e., biomass for CHP. The ratio between electric boilers and heat pumps is set by the heat pump limitation (one third of the residential heat demand, see Section 3.1). A sensitivity study reveals that if this limitation was removed, all P2H would go to heat pumps and no electric boilers, leading also to lower electricity demand as the overall P2H efficiency is improved. The limitations to biomass ("BIO norm" versus "BIO low") do not seem to affect either the electricity or the heat production portfolio, the only exception being the addition of solar heat in the "BIO low" scenarios. Finally, the CO 2 emissions and annual system costs of the scenarios are presented in Table 3 . Almost all "BIO norm" scenarios reach the given −95% emission reduction target, with the exception of the zero-nuclear case. Limiting the forest biomass supply, however, increases CO 2 emissions on average by 16%-points, due to the increasing amount of natural gas, and the emission target is not reached in any of the "BIO low" cases (reduction being at most −80%). The biomass limitation also increases the annual system costs by 19% on average. However, the different levels of nuclear power seem to have little effect on the annual costs, as the difference between NUC 9450 and NUC 0 scenarios is only 12%. Compared to the reference case, the costs decrease on average 18% in "BIO norm" and 2% in "BIO low". Table 3 . CO 2 emissions and relative annual system costs of the national case. The CO 2 emissions are reported as the change from 1990 levels, while the annual system costs are reported with a relative scale, 100 = costs of the national reference system (Finland in 2013). One solution to the issues arising from limited biomass use is power-to-gas (P2G). P2G would eliminate the need for replacing the missing biomass with fossil natural gas, as synthetic gas could be produced by no-carbon electricity. P2G was absent in the previous scenarios as it was deemed too expensive in the optimization. However, to explore the possibilities of P2G, we conducted a separate sensitivity analysis on "NUC 2800 BIO low" scenario, in which all excess electricity would be directed to P2G instead of export. In this case, 21% of electricity production was used by P2G, and less natural gas was needed to cover for the missing biomass. The CO 2 emissions decreased by 9%-points and the annual costs increased by 6%, suggesting that encouraging P2G use by disabling export seems to be beneficial, especially in the case of limited biomass potential. A similar conclusion was reached by Child et al. [21] whose 100% renewable scenarios leaned on P2G.
CO
Overall, the national results suggest that with the assumed cost data, the level of nuclear power affects mainly the nuclear-wind balance and, consequently, the levels of power import and heat electrification, but the annual costs and CO 2 emissions are affected only to a minor extent. The results also highlight that wind power, nuclear power, and biomass, coupled with power-to-heat and other flexibility measures, seem to be the key pillars in a carbon-neutral Finland. Even without any nuclear power, a nearly carbon-neutral Finland could be possible (−94% CO 2 emissions with "BIO norm"), but reaching a 100% renewable Finland would require additional measures, such as expanding the renewable energy resource base or utilizing P2G, especially if forest biomass use is limited. Limiting the biomass availability mainly causes the changes in the fuel mix, as natural gas substitutes for the missing biomass, which consequently increases emissions and costs and prevents reaching the −95% emission reduction target. However, the increase in CO 2 emissions may be compensated by the increasing carbon sink of forests, as less forest biomass is harvested, but a more detailed carbon sink analysis was outside the scope of this study. In 2017 the forest sinks were 27 MtCO 2 /yr [11] .
City Case (Helsinki)
Three scenarios are considered for clean energy pathways. The details of these scenarios are explained in Section 3. In all scenarios, two wind power levels, 750 MW and 1500 MW, are studied, and in the ZeroCO 2 scenario, also 2500 MW.
Case with the Reference System (2016) and Wind Power Integration
The first case deals with integrating wind power into the existing energy system in Helsinki (excl. shares of power production outside Helsinki) using 2016 as the reference. Figure 4 shows the associated changes in electricity and heat production. Due to the large need for local heat production, adding wind power would not lead to a dramatic decrease in fossil-based energy production. Most of the heat (85-87%) in Helsinki is produced by CHP, in which power and heat are produced at the same time. Therefore, adding wind power would not actually reduce much CHP production as heat must be produced anyway. Instead, the integration of wind power would lead to increased power exports to the Nordic electricity market. For example, in the scenario with 1500 MW of wind power, 46% of the local annual power production would be exported, which is significantly higher than 16% in the reference scenario. Due to the low CO 2 emission cost (8 €/tCO 2 ) and advantageous coal to gas price in 2016, adding wind power would actually favor coal over gas in CHP. In this scenario, the emissions would be around 2.7 MtCO 2 /yr, which is 20% lower than in 1990.
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BAU-2050 Scenario
In the BAU-2050 scenario, large wind power schemes are analyzed in a business-as-usual case in Helsinki for the year 2050. Figure 5 displays the changes in power and heat production. Though all fossil-based CHP generation cannot be eliminated, i.e., 63-67% of the heat comes from gas-CHP, a notable share of fossil-free heating is achieved through biomass-boilers (20%) and electric heat pumps (9-13%). Increasing wind power leads to significant power export, e.g., with 1500 MW of wind power, 38% of the local annual power production is exported to the Nordic electricity market (with no wind power, the exports are only around 3%). The CO2 emission reduction from the 1990 level is 1.7 MtCO2/yr (−50%) and 21% lower than the 2016 level with 1500 MW wind power. 
In the BAU-2050 scenario, large wind power schemes are analyzed in a business-as-usual case in Helsinki for the year 2050. Figure 5 displays the changes in power and heat production. Though all fossil-based CHP generation cannot be eliminated, i.e., 63-67% of the heat comes from gas-CHP, a notable share of fossil-free heating is achieved through biomass-boilers (20%) and electric heat pumps (9-13%). Increasing wind power leads to significant power export, e.g., with 1500 MW of wind power, 38% of the local annual power production is exported to the Nordic electricity market (with no wind power, the exports are only around 3%). The CO 2 emission reduction from the 1990 level is 1.7 MtCO 2 /yr (−50%) and 21% lower than the 2016 level with 1500 MW wind power. 
ZeroCO2 Scenario
The third scenario targets for a 100% fossil-free energy production system in Helsinki in 2050, eliminating fossil-based plants by incorporating large PV and HP schemes along with wind power (0-2500 MW) (see Table 2 for details). Figure 6 shows the optimal energy system operation when varying wind power from 0 to 2500 MW. The bulk of the heat (92%) now comes through the heat pumps, which were sized to 50% of the peak heat load; the rest of the heat is covered through biomass boiler sized to meet the rest of the peak demand together with the heat storage.
With none of the existing CHPs in use and with zero wind power, the annual electricity import would exceed the basic electricity use in the city by 15% as electricity would also be needed for heating (HP), but this would lead to almost the same running costs as in the reference case (see Table  4 ). Adding wind power would reduce the share of imported electricity. However, higher wind shares would also lead to increased export of power, due to the increasing mismatch between supply and demand even if surplus wind power could be converted into heat through heat pumps and having major thermal storage capacity available. For example, with 2500 MW of wind power, the share of the imported power would be reduced by 60% compared to 0 MW wind, but the amount of exported power would also increase from close to zero to 3.5 TWh (67% of electricity consumption, excl. electricity for heating). This would emphasize the linkage of a city to the larger power market as one important strategy for energy system flexibility when targeting for zero emissions.
Comparing the emissions of all three scenarios in Table 4 (emissions are compared to 1990 level which is the base year for calculating emissions reductions) shows that in case of the reference system, introducing large wind power schemes would not much affect the total emissions, due to heat and system limitations described in previous sections. We see the same kind of insensitivity of emission reductions to the share of wind power in the other scenarios as well, again explained by the major share of heat in the total final energy. However, the yearly running costs compared to the year 2016 level would drop with increasing wind share: In the BAU-2050 scenario with 1500 MW of wind power the drop in running costs was 50%, whereas in the ZeroCO2 scenario with 2500 MW of wind the costs dropped 87%. 
ZeroCO 2 Scenario
With none of the existing CHPs in use and with zero wind power, the annual electricity import would exceed the basic electricity use in the city by 15% as electricity would also be needed for heating (HP), but this would lead to almost the same running costs as in the reference case (see Table 4 ). Adding wind power would reduce the share of imported electricity. However, higher wind shares would also lead to increased export of power, due to the increasing mismatch between supply and demand even if surplus wind power could be converted into heat through heat pumps and having major thermal storage capacity available. For example, with 2500 MW of wind power, the share of the imported power would be reduced by 60% compared to 0 MW wind, but the amount of exported power would also increase from close to zero to 3.5 TWh (67% of electricity consumption, excl. electricity for heating). This would emphasize the linkage of a city to the larger power market as one important strategy for energy system flexibility when targeting for zero emissions.
Comparing the emissions of all three scenarios in Table 4 (emissions are compared to 1990 level which is the base year for calculating emissions reductions) shows that in case of the reference system, introducing large wind power schemes would not much affect the total emissions, due to heat and system limitations described in previous sections. We see the same kind of insensitivity of emission reductions to the share of wind power in the other scenarios as well, again explained by the major share of heat in the total final energy. However, the yearly running costs compared to the year 2016 level would drop with increasing wind share: In the BAU-2050 scenario with 1500 MW of wind power the drop in running costs was 50%, whereas in the ZeroCO 2 scenario with 2500 MW of wind the costs dropped 87%. 
Scenario
Wind Power 0 750 1500 2500 Reference −21% (100)
Resilience Analysis
Two future scenarios both for the national and city case were chosen for the resilience analysis: In the national case, a high-nuclear scenario ("NUC 9450 BIO norm") and a zero-nuclear scenario ("NUC 0 BIO norm") represent the two extremes among the national nuclear scenarios (this also applies for the wind power share). As far the resilience is concerned, the "BIO norm" and "BIO low" were assumed to be similar, the only difference being increased CO2 emissions and fuel imports, due to increased use of natural gas. In the city case, we consider the BAU-2050 case and the zeroCO2 case, both with 1500 MW of wind power.
The results of the resilience analysis are presented in Tables 5 and 6 . In general, all scenarios improve the overall resilience from the reference case, but with respect to some single resilience factors, the change could, however, be negative. −48% (95) −50% (73) −51% (50) -ZeroCO 2 −100% (98) −100% (52) −100% (41) −100% (13) 
Two future scenarios both for the national and city case were chosen for the resilience analysis: In the national case, a high-nuclear scenario ("NUC 9450 BIO norm") and a zero-nuclear scenario ("NUC 0 BIO norm") represent the two extremes among the national nuclear scenarios (this also applies for the wind power share). As far the resilience is concerned, the "BIO norm" and "BIO low" were assumed to be similar, the only difference being increased CO 2 emissions and fuel imports, due to increased use of natural gas. In the city case, we consider the BAU-2050 case and the zeroCO 2 case, both with 1500 MW of wind power.
The results of the resilience analysis are presented in Tables 5 and 6 . In general, all scenarios improve the overall resilience from the reference case, but with respect to some single resilience factors, the change could, however, be negative. other hand, the increased use of bio-energy might raise risks of biodiversity losses, due to excessive forest logging, which could have negative environmental effects. However, in these scenarios, the harvest levels are below the national sustainability levels [20, 56] , and most biomass used for energy is based on residues from the forest industry. The power system resilience increases in the scenarios as well, mostly due to the decentralization and the flexibility from the heat sector coupling. Decentralization improves resilience, since the failure of a small local production unit does not affect the whole system in such a way than a large central unit. In the scenarios, the share of decentralized production (wind and solar) increase remarkably, although the ZeroCO 2 city case relies somewhat on power imports (which we assumed here carbon neutral). Furthermore, decentralization of production means that investments are needed to the distribution and transmission system as stronger connections must be built to the new energy production sites, and old links may need to be strengthened to meet the new-kind-of variable production [57] . Thus, power grids are expected to become more robust in the future. In addition, connections to neighboring countries are also expected to strengthen [57, 58] . A possible drawback is a decrease in the adequacy of production during peak demand, especially in the city case. Today, Finland is dependent on electricity imports (19% of all electricity demand), whereas Helsinki City is capable of producing all its power locally. In the scenarios, the national situation does not remarkably change, but in the city case, the adequacy drops quite much, especially in the ZeroCO 2 scenario. The nominal capacity of the plants would be sufficient both nationally and on city-level, but the variability of wind and solar production implies that the adequacy of peak power does not reach 100%. The three factors related to the flexibility of production (hydropower, heat sector coupling, and energy storage) do not show a clear improvement to the reference case, except for some strengthening in heat sector coupling. The relative share of hydropower actually decreases, and the role of vehicle-to-grid storage in the future scenarios is only slightly higher than in the reference case. Demand response and batteries can provide flexibility as well [6, 59] , but they were excluded from our scenarios.
In the heating sector, it is more questionable whether resilience improves at all. The role of decentralized production (here heat pumps, and electric and residential boilers) strengthens, which enhances the independence from large centralized units. This could, however, lead to reduced need for DH systems and the loss of their advantages, such as intrinsic storage capacity and balancing the spatial differences in demand and supply. Thus, we have estimated that the change in resilience (factor 3.a in Tables 5 and 6 ) is neutral. The total production capacity in the national case is calculated as the maximum production divided by the peak demand, since our national model does not explicitly include the total production capacity. In general, the capacity in combustion-based heating plants is sufficient even during extreme cold seasons, whereas the electricity-based production is vulnerable to black-outs and also their production capacity is typically more limited. In the city case, the heat production capacity (Table 2 ) was chosen so that it can still satisfy the peak demand, but not providing back-up over that. In practice, the capacity should be larger, since the heat supply must be guaranteed during even colder periods than modeled here (thus notation ">100") and during a possible power outage.
From the system independence and geopolitical perspective, the positive change from the scenarios chosen is the clear decrease in electricity imports (except the city ZeroCO 2 case). A remarkable improvement in the city scenarios and the national zero-nuclear scenario is the reduction in foreign fuel imports. The increased fuel imports in the high-nuclear scenario are because of the higher demand for uranium fuel. Here we have assumed that all biomass is domestic, even though some foreign biomass could be used [56] . The versatility of the primary energy sources (SWDI) increases in the city case, but decreases on the national level.
Limitations of the Study
The main limitation of this study is the lack of detailed spatial analysis, though spatiality is considered through national and city-level cases. On both spatial levels, we have modelled the country and the city as a single node, without power and heat flow restrictions within the energy system. Conducting a grid-based analysis would be useful to highlight potential issues related to power distribution, and regional demand and supply balance. However, this was outside the scope of the present study and modelling approach used. Future work will, however, include extending the models to better cover spatial dimensions and to integrate resilience factors to these as well.
The resilience question of energy systems is a highly complex and multidisciplinary topic, for which reason not all resilience aspects could be included here. These include e.g., cybersecurity issues (see e.g., References [44, 45, 60, 61] ), occurrence of extreme weather events [62, 63] , terrorist attacks [64] [65] [66] , human operator errors [67] [68] [69] , faulty investment decision making [70] [71] [72] , and the resilience of the whole transport system and related infrastructure [73, 74] .
Another point of importance is that only deterministic costs were employed without uncertainty ranges. Including uncertainties in the future costs could potentially affect the outcomes. Furthermore, the city-level linear optimizer applied does not consider nonlinear factors in order to take advantage of convexity of linear problems in finding a globally optimal solution, which may slightly idealize the performance of some of the technical systems.
Conclusions
In this study, we have analyzed low-carbon and carbon-neutral scenarios simultaneously for a country (Finland) and a city (Helsinki) for 2050, with interest in possible systemic differences in solutions and consequences. Both cases were handled with different energy system models based on techno-economic optimizations: The national-level model focused on macro-scale optimization incorporating all aspects of an energy system, including electricity, heat, and fuel, while the city-level model optimized in detail the operation of a local energy system with all energy plants. Both models include options for energy system flexibility, such as power-to-heat and thermal energy storage. In addition, we assessed the energy system resilience in the national and the city-level scenarios as this may change with energy system developments.
In the national case, the results indicate that wind power, nuclear power, and biomass, coupled with power-to-heat and other flexibility measures, could provide a carbon-neutral pathway, but nuclear and wind are, to some extent, exclusionary. There seemed to be a trade-off between the levels of nuclear and wind power, though with our cost assumptions, the national system's annual costs seemed to be insensitive to the level of nuclear power. In the Helsinki case, a large wind-power scheme combined with heat pumps and biomass boilers could help to transform the current fossil-fuel-based energy system into a carbon-neutral one. On both levels, (near) carbon-neutral energy system would seem possible, even without any nuclear power on the national level. Large-scale wind power integration, however, requires more interaction with the Nordic power market, due to increased temporal mismatch of power supply and demand. For Helsinki case, without any flexibility means incorporating large-scale wind power would lead to high power exports, meaning that the wind power would less replace fossil fuels. This is mostly due to the high heat demand which requires running the fossil-based CHP plants, even when wind power production would be plentiful. In the national scenarios in particular, leaning in large-scale on forestry biomass may include some future risks, if its use had to be limited due to sustainability concerns. In such a situation, reaching carbon neutrality could not be reached without expanding e.g., wind power with P2G.
Due to the role of heating in the final energy in northern climates, reaching overall carbon-neutrality in energy production would require special attention on heat production. Our results indicated that electrification of heat production could be an effective way to reduce CO 2 emissions on both city and national levels and to provide the required flexibility to the energy system. On the national level, power-to-heat schemes to generate CO 2 -free heat are powered by a mix of zero-carbon energy sources, i.e., nuclear, wind and (to a lesser extent) hydro and solar power. Power import would reduce on the national level, but increasing nuclear power in particular expands power export. Our analysis indicates also that striving for zero-carbon energy production as a whole would benefit from a strong link to the electricity market to compensate for increased energy mismatch albeit introducing energy system flexibility measures. This would actually be more pronounced on the city level with less spatial smoothing effects.
The low or zero carbon energy solutions in the scenarios have a positive impact on resilience from an environmental and power system point of view: CO 2 emissions are radically lower from the present level, the share of local (decentralized) power production increases and the grid infrastructure is strengthened. Furthermore, geopolitical threats decrease as the dependence on foreign imports diminish with increasing renewable energy utilization. However, the resilience improvement of the heating sector is more problematic, as even though the role of local heat production strengthens, the electrification of heat supply poses new kind of threats, such as power outage and adequacy of supply during peak demand, which may require further attention in planning future carbon-free energy systems.
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